Objective To characterize the organization of speech-and language-related white matter tracts in children with developmental speech and/or language disorders.
D
evelopmental speech and language disorders are common, seen in 1 in 20 preschool children, in the absence of neurologic deficits, intellectual impairment, or hearing loss. [1] [2] [3] [4] These conditions are a leading cause of children presenting to pediatricians. Developmental speech disorders (DSDs; affecting how clearly speech sounds are produced) and developmental language disorders (DLDs; affecting language structure such as grammar and semantics) often coexist, but can occur independently (co-occurring developmental speech and language disorder [DSLD] ). DLD was known previously as specific language impairment, but international consensus has since agreed on DLD nomenclature. 2 Despite 100 years of phenotypic investigation, no reliable symptom-based prognostic markers exist. Hence, interest has intensified in examining magnetic resonance imaging (MRI)-based neural markers. Most recently, diffusion-weighted imaging and tractography have become promising tools as measures of white matter organization, allowing us to examine structural brain connectivity in these conditions.
A ventral (extreme capsule system) and dorsal route (arcuate fasciculus) have been implicated in typical child language development, with a "maturational primacy" in the ventral route, present at birth. 5, 6 The dorsal pathway matures at a later stage of development and has been suggested to be involved in more complex language functions. 5 Few studies, however, have reported reductions in fractional anisotropy and radial diffusivity (RD) metrics of either stream of this "traditional language tract" in children with DLD. [7] [8] [9] Of note, the absence of such findings could be in part because existing studies include highly selected, cross-sectionally recruited, clinical samples, [10] [11] [12] with limited generalizability of findings to the broader DLD population. Current studies also fail to examine control tracts outside hypothesized language regions, obscuring whether findings are localized to language tracts or widespread throughout the brain. White matter integrity has not been examined in DSD to date, yet left corticobulbar tract (CBT) deficits have been reported in childhood dysarthria after brain injury, 13 childhood stuttering, 14 adult dysarthria, 15 and even in an adult case of neurodegenerative speech disorder in the absence of a language disorder. 16 Furthermore, in relation to the developing system, studies have not directly compared white matter integrity of speech and language disordered groups together, limiting knowledge of shared or distinct neural underpinnings.
We examined white matter connectivity in children with DSD, DLD, and typically developing controls. Participants were recruited from a longitudinal community cohort study of speech and language. We hypothesized that developmental speech and language disorders would be associated with atypical development of speech-motor (corticobulbar) and language (dorsal and ventral streams) tracts, respectively.
Methods
Participants (n = 86; age range, 9.25-11.25 years) were recruited from the Early Language in Victoria Study (ELVS), a longitudinal community-based study of 1900 children. 3 Communication status was collected almost annually from 8 to 10 months of age 3 up to the age at the current study (ie, 9-11 years). Age of scanning was carefully chosen to reflect a time when communication trajectories are relatively stable. 17 Ethics approval was granted by the Royal Children's Hospital Human Research Ethics Committee (Reference number HREC31225).
Participants were recruited to 4 groups based on longitudinal data: controls (n = 45), DLD (n = 13), DSD (n = 17), and DSLD (n = 11). The DLD, DSD, and DSLD groups were combined into an "atypical" group for the first stage of analyses, followed by subgroup analyses.
Inclusion criteria for all 4 groups included a nonverbal IQ of ≥80 on the Kaufman Brief Intelligence Test 18 administered at age 4 years and the Wechsler Abbreviated Scales of Intelligence (WASI-II) 19 at age 7 years. DLD and control groups were required to have typical speech as assessed via the Goldman Fristoe Test of Articulation, 2nd edition (GFTA-II) 20 at ages 4 and 7 years. The DLD group was also required to have impaired language, defined as a total language score of ≤81 (1.25 SD below the mean) 3 on the Clinical Evaluation of Language Fundamentals, 4th edition (CELF-IV) at 2 time points at ages 4 and 7 years, or 5 and 7 years. Some attrition occurred across the 4-and 5-year-old waves of the ELVS, and expanding the DLD inclusion criteria across 2 data waves provided a larger pool for recruitment. In contrast, children with DSD had articulation or phonological speech errors consistent with DSD at ages 4 and 7 years. 21 To assess speech performance, the GFTA-II was administered as a single-word test that elicits all the speech sounds of English in initial, medial, and final positions. All sounds were transcribed and assessed for the presence of articulation and phonological errors to confirm a diagnosis of DSD. 21, 22 Articulation disorder was denoted as phonetic-based distortions (eg, lisps, de-rhotacism) in which the occurrence of the distortion was more frequent than correct production of that phone. Articulation disorder could also include an omission error when the phone was absent in the child's inventory, but appeared in the phonetic inventory of >90% of peers in normative data. [22] [23] [24] Phonological delay was use of a phonological process that occurs in speech, but used beyond an age when it is typically resolved in >90% of peers. 23 Phonological disorder was use of a phonological process that is atypical and seen in <10% the normative sample population at any age. 23 Conversational samples were also rated to confirm the presence of errors noted in single-word stimuli in connected speech to provide further evidence of persistence. In addition, the DSD and control groups were required to have normal language scores (≥85) as per the CELF-preschool 25 at age 4 years, and CELF-IV 26 at ages 5 and 7 years. Exclusion criteria were a history of neurologic, hearing, genetic, or neurodevelopmental disorders (eg, autistic spectrum disorder) and a non-English-speaking background.
Procedure
At the time of scanning, participants were assessed with the same speech, language, and nonverbal IQ tests reported above for participant group selection ( Table I) . Standardized scores were used for the CELF-IV 26 and WASI. 19 Clinical diagnosis of DSD was made based on phonetic transcription and phonological process analysis. 21, 22 T1-weighted images were acquired with an isotropic resolution of 0.9 mm (inversion time = 900 milliseconds; repetition time = 1900 milliseconds; echo time = 2.6 milliseconds; flip angle = 9°; matrix size 256 × 256; 160 partitions) on a 3-Tesla Tim Trio MRI scanner (Siemens Medical Solutions, Erlangen, Germany). A conventional T2-weighted scan was also Volume 198 • July 2018 acquired and the T1-weighted and T2-weighted scans were reviewed by a clinical radiologist. A diffusion-weighted dataset of 64 directions using a twice-refocused, spin-echo, echo planar imaging sequence was also acquired with a b value of 3000 s/ mm 2 , echo time/repetition time of 110/8300 milliseconds, field of view of 240 × 240 mm, matrix size of 96 × 96, slice thickness of 2.5 mm (isotropic voxel size = 2.5 × 2.5 × 2.5 mm), and 60 contiguous axial slices (total acquisition time of approximately 9 minutes).
Diffusion-weighted imaging datasets were preprocessed using MRtrix. 27 Fractional anisotropy and eigenvector maps were extracted. Constrained spherical deconvolution was used to estimate the distribution of fiber orientations. 28, 29 This method is optimal relative to the diffusion tensor model, in areas with multiple crossing fibers. 30, 31 A single rater masked to participants' status, performed tractography using MRtrix. 28 Tracking was performed using a probabilistic streamlines algorithm 31 from spherical seed regions (7-mm radius) to generate 3 segments of arcuate fasciculus, 32 the corticobulbar tract (CBT, as in Liégeois et al 13 )
, and the extreme capsule system bilaterally (Figure 1) . To assess the specificity of our findings to speech and language regions, we also delineated and measured diffusion values from white matter tracts not hypothesized to be related to speech or language, namely the corticospinal tract originating from the hand motor region 13 and the whole corpus callosum. The maximum number of streamlines generated was set at 10 000, and we retained a maximum of 1000 streamlines passing through both the seed and inclusion regions. Masks were generated to encompass voxels with a minimum of 40 streamlines for each tract. Mean fractional anisotropy and diffusion values were averaged across all voxels contained in this binary mask.
Statistical Analyses of MRI-Derived Data
The 13 tract values were compared between control and the combined atypical (DSLD) groups using multivariate analysis of covariance (nonverbal IQ as covariate) in the Statistical Package for the Social Sciences 21.0 for Windows (Chicago, Illinois). 33 A mixed model analyses of covariance (ANCOVAs) was then performed for each tract (hemisphere × group design), with nonverbal IQ as covariate.
Where group differences were detected, we examined subgroup differences (DSD, DLD, DSLD) using post hoc t-tests. Nonparametric methods (Mann-Whitney tests) were used for confirmation where data was not normally distributed. The a level was set at 0.05 (2-tailed) and adjusted (Bonferroni) to correct for multiple comparisons when performing post hoc analyses.
Results
The 4 groups were matched for demographic characteristics ( Table I) . Male:female were comparable across groups (DSD, 7:10; DSLD, 6:5; DLD, 7:6; control, 21:24). Nonverbal IQ scores, although within the typical range, were lower in children with DLD than in children with DSD as commonly reported in this group. 17 As expected, children with DLD had significantly lower CELF-IV scores (total, receptive, and expressive) than the other 2 groups, whereas children with DSD had significantly lower GFTA-II scores. Children with DSD and DSLD presented with articulation disorder, phonological disorder, and phonological delay (Figure 2 ; available at www.jpeds.com). Children with DSLD had a more phonological presentation at age 4 years, but by time of scanning at 9-11 years of age, the majority of this group also had articulation errors. Slightly more participants in the DSD (72%) than DSLD (64%) groups had articulation errors at the time of scanning. Children with DLD and DSLD had mixed profiles of expressive and receptive language impairments (Table I) and mixed profiles across the domains of semantics, syntax, and morphology.
Tractography
Conventional MRI scans were confirmed to be normal. Tractography delineated all tracts in all participants, with the exception of 8 instances in which no streamlines were generated for the posterior segment of the arcuate fasciculus (control = 4; DLD = 1; DSD = 3; DSLD = 3). In these instances, we treated tractography-derived measures as missing values. We included the other 74 tract values in the analyses.
Multiple ANCOVA revealed no overall significant difference between the control and atypical group (combined DSD, DLD, DSLD groups; F = 1.12, p = .360), but a significant difference for the left CBT only (F = 5.36 [P = .024]; P > .18 in all other cases; Figure 3) . Consistent with this finding, univariate analyses also revealed trends for a group difference and a group by hemisphere effect for the CBT only. When all 4 groups were entered in the same model in a 1-way ANCOVA, main effect of group was confirmed for fractional anisotropy in the left CBT (F = 2.73; P = .049) and nonsignificant for the right CBT. Post hoc tests showed that fractional anisotropy in the left CBT was significantly different between DSD and control groups only (Bonferroni corrected P = .045). The Shapiro-Wilks test indicated that data were not normally distributed in control (P < .001; df = 45) or the DSLD groups (P = .043; df = 41), but nonparametric tests confirmed that fractional anisotropy in the left CBT was significantly lower in the DSD compared with the control group (U = 213 [P = .007]; P > .05 when compared with other groups). Of note, no additional group differences were detected when nonverbal IQ was not used as a covariate.
We further examined fractional anisotropy differences found in the left CBT. Multiple ANCOVA of mean diffusivity (MD), RD, and axial diffusivity metrics for the left CBT in the atypical group compared with control, with nonverbal IQ as a covariate, revealed a significant group difference in RD (F = 3.97; P = .050), with the atypical group having a higher RD. There were no significant differences in axial diffusivity (P > .27) or MD of this tract (P > .12; Table II; available at www.jpeds.com). Examining subgroup differences, univariate ANCOVAs with all 4 groups revealed an overall effect of group for both RD (F = 4.74; P = .004) and MD (F = 3.98; P = .01) but not axial diffusivity (F = 1.27; P = .29) for the left CBT (Table III ; available at www.jpeds.com). Post hoc THE JOURNAL OF PEDIATRICS • www.jpeds.com Volume 198 comparisons revealed the DSD group had higher values than both the control (RD: P = .01; MD: P = .007) and DLD groups (RD: P = .03; MD: P = .004).
Discussion
We report herein an association between DSD and reduced fractional anisotropy of the left CBT, suggesting that atypical development of this tract may be a neural marker for DSD. Altered connectivity of the left CBT has previously been associated with speech disorder in different childhood populations and disease models, including childhood stuttering 14 and dysarthria after childhood traumatic brain injury. 13 In adult cases, left hemisphere lesions to regions along the CBT as tracked here (ie, ventral to hand omega), have also been associated with acute dysarthria. 15, [34] [35] [36] Converging evidence seems to suggest that the left CBT is associated with speech execution in children and adults across a range of disease mechanisms, and even in typical development. By contrast, we did not find a significant association between classical language tracts and DLD. Evidence is scarce in this field, with 1 study supporting an association between reduced fractional anisotropy in both dorsal and ventral routes 8 and another study, in the superior longitudinal fasciculus alone. 7 A further study reported increased mean diffusivity in children with DLD relative to controls, but did not mention differential effects of fractional anisotropy across groups. 9 Interestingly, 1 study has reported core deficits in the corpus callosum, rather than traditional language tracts, in cases with DLD. 37 A lack of consistency in the findings across studies may be due to methodologic differences including the application of other MRI metrics in developmental speech and language disorders. [10] [11] [12] Methodologic approaches unique to this study represented important methodologic strengths in the study of potential neural markers. These included longitudinally informed selection of participants from a community cohort, within a narrow age range, and covarying for nonverbal IQ. We carefully matched both typical and atypical groups from the same cohort with longitudinal phenotyping and typical communication status of the control group confirmed from 8 to 10 months, enabling more robust comparisons than previous studies in this field. We also minimized issues related to the influence of crossing fibers on tractography by using an algorithm robust to crossing fibers. 29 Further, that we did identify a significant difference in the DSD group implies that our study was likely sufficiently powered to detect an effect of this size.
Another possible explanation for why an association between DLD (as well as the subgroup of children with both DSLD) and language pathways was not detected is that white matter disruption may be highly heterogeneous in children with DLD, in line with the incongruence of findings from past MRI studies in this field, [10] [11] [12] and the recognized phenotypic heterogeneity of this group, 1-4 including our sample. Similarly, we did not detect changes in the left CBT for the DSLD group. This finding could be due to the fact that a slightly greater percentage of the DSD than DSLD group had a motor-based articulation disorder at both the 4-and 7-year-old assessment time points, which may have increased our power to detect white matter changes in the motor tract of this group.
To date, little has been known about structural brain changes among children with isolated speech and language disorders. Conventional brain MRI is typically normal and obtained often only when there are other neurologic or developmental concerns. Our data suggest that alterations to the left CBT are likely to be a marker of DSD. Further longitudinal study is required to determine whether this measure could be a sensitive and specific prognostic tool. Language disorders are perhaps more complex. Early white matter disruption in DLD may be heterogeneous across cases, in line with the incongruent findings of past MRI studies in the field, and the phenotypic heterogeneity characteristic of this group. Additional quantitative MRI studies in larger samples of children may elucidate brain markers of DLD. ■ 
